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Magnetic resonant x-ray scattering experiments at the Mn K edge have revealed the occurrence of two
different resonances in antiferromagnetic RbMnF3. Below the K edge, at the 3d threshold, the resonance
profile is consistent with quadrupole electrical transitions from the 1s core level to the 3d states; the observed
resonance amplitude corresponds to the expected value for spin-orbit splitting in 3d levels. The resonance at
the 4p threshold extends over the whole 4p band; it is explained on the basis of electric dipole transitions
which involve both spin-orbit splitting and exchange splitting of the 4p states. @S0163-1829~99!11937-4#I. INTRODUCTION
Resonant x-ray magnetic scattering ~RXMS! has become
a widely used technique for the study of magnetism. The
resonant enhancements, the chemical and electronic selectiv-
ity of the magnetic x-ray scattering cross section, have al-
lowed important breakthroughs in the study of magnetic sys-
tems. However, the full use of this method rests on the
assumption that the resonant scattering amplitude is directly
and simply related to the local magnetization. Although an
example of RXMS was observed by Namikawa et al. at the
K edge of nickel metal,1 most of the experimental studies
have dealt with L2,3 and M 4,5 edges of lanthanide and ac-
tinide compounds. In the theoretical model based on electric
multipole transitions presented by Hannon et al.2 to account
for the observation of RXMS in pure holmium,3 the mag-
netic resonance finds its origin in the asymmetry of the tran-
sition probabilities arising from the spin polarization of the
intermediate states coupled with spin-orbit splittings either in
the core levels or in the excited states. For this reason, the
proposed mechanism is likely to apply to the spin-orbit split
L2,3 and M 2 – 5 edges. However, the resonance at the K edge
would have to rely primarily upon spin-orbit effects in the
excited levels. As a result, the dipole (E1) transitions to 4p
states are expected to have a weak contribution because of
the small spin-orbit coupling in the p states and their weakPRB 600163-1829/99/60~14!/10170~10!/$15.00spin polarization. Furthermore, Lovesey et al. have shown
that quadrupolar (E2) transitions to 3d levels at the K edge
are induced by the orbital moment of the 3d states of the
atomic ground state;4,5 it was predicted4 that in the absence
of such an orbital moment, splittings in the 1s level could
lead to weak E2 resonances without rotation of the polariza-
tion. Consequently, E1 and E2 magnetic resonances at K
edges in L50 ground-state systems should be less pro-
nounced than resonances at spin-orbit split edges such as the
L2,3 and M 4,5 edges. In contrast with these ideas, Namikawa
et al. had introduced a different model based on transition
operators to 4p levels involving both the electron spin and
the photon electrical field, in order to explain the magnetic
resonance observed at the Ni K edge.1 This model does not
require spin-orbit coupling but does require a net spin polar-
ization of the 4p states.
In general, it appears that the experimental results at the
L2,3 and M 4,5 edges can be interpreted from a simple atomic
view of the resonant process within the scope of Hannon’s
model. However, recent experimental results have shown
that the interpretation of RXMS and spin-polarized x-ray ab-
sorption data is more involved, even in the case of 4 f and 5 f
systems. In particular, experiments at the L2 and L3 edges of
Dy in DyFe4Al8 have indicated that it is necessary to go
beyond simple atomic physics to account for the observed
results.6 It is worth noting that in all systems studied so far,10 170 ©1999 The American Physical Society
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defined resonant energies; even when an energy splitting oc-
curs, the energies involved are in the 0.5–2.0 eV range, and
their physical origin can be found in exchange splitting. This
is to be contrasted with the observations of the K-edge reso-
nances in 3d systems7–9 where magnetic resonances have
been detected at the E2 and E1 threshold; the E2 peaks are
sharp but the E1 resonance extends over an energy width of
the order of 10 eV, comparable to the 4p band width. Fur-
thermore, the resonance at the K edge can have a nonmag-
netic character due to the sensitivity of the 4p states to the
lattice symmetry.10–12 Several studies of magnetic x-ray di-
chroism have revealed the existence of resonant effects at the
K edge of 3d elements and compounds.13–15 It is the purpose
of this work to investigate the polarization and energy de-
pendence of the x-ray magnetic cross section near the K edge
of an L50 system in order to discriminate between possible
origins for the resonance, while avoiding complex lattice ef-
fects. For this purpose we have chosen to study Mn com-
pounds where the Mn atoms are in the 3d5 configuration.
Among the salts which can be formed with Mn21 ions, some
have a noncubic local symmetry, such as MnF2, which leads
to nonmagnetic resonant scattering12 or exhibit large magne-
tostriction effects like MnO.16 We have therefore selected
the perovskite structure of RbMnF3 which does not suffer
from either of these effects.
RbMnF3 has a simple-cubic structure (Oh1 space group,
a54.223 Å at T520 K) and orders antiferromagnetically
below the Ne´el temperature TN583.6 K with a propagation
vector ~ 12,
1
2,
1
2!. The magnetic moments lie along the ^111&
direction and form alternating ferromagnetic $111%
planes.17,18 There exist four magnetic domains corresponding
to the four moment directions which all contribute to the
scattering at any magnetic Bragg peak. A very small trigonal
distortion of the cubic structure develops below TN .19 Nev-
ertheless, because its magnetic anisotropy is negligible,20
RbMnF3 has been classified as the closest known physical
realization of an isotropic three-dimensional ~3D! Heisen-
berg antiferromagnet.21 Indeed, the Mn21 ions are in an L
50 ground state of the 3d5 configuration. The presence of a
weak spin-orbit coupling in the 3d levels has been invoked
to account for the observation of linear dichroism in the vis-
ible light range.22 These characteristics make RbMnF3 a suit-
able material to study possible origins of resonant enhance-
ment of magnetic x-ray scattering.
We have organized the presentation of our work as fol-
lows: After the description of the experimental conditions in
Sec. II, we report our experimental observations of the x-ray
magnetic scattering near the manganese K edge in Sec. III. A
discussion of the various models is given in Sec. IV, fol-
lowed by the comparison with the experimental data in Sec.
V. Finally, we present tentative perspectives for future work
to elucidate the origin of resonant magnetic x-ray scattering
at the K edge.
II. EXPERIMENTAL CONDITIONS
A preliminary x-ray study of the magnetic resonance at
the Mn K edge in RbMnF3 was performed at HASYLAB, at
the wiggler beamline W1. Although resonant effects could
be observed, the measured intensities were too weak to allowfor complete polarization analysis in good conditions. Fur-
ther difficulties arose since the energy resolution was not
sufficient to separate the observed resonances. This paper
describes the results of x-ray experiments conducted at the
European Synchrotron Radiation Facility ~ESRF! magnetic-
scattering beamline ID20.
ID20 is the beamline at ESRF that is dedicated to mag-
netic scattering studies.23 It receives x rays from a straight
section which accommodates several insertion devices. Dur-
ing the experiments at ID20 described below, a 48-mm-
period undulator was used. For the first experiment, only the
second harmonic could be used to provide photons near the
manganese K edge at 6.539 keV, whereas during the second
experiment, thanks to a new vacuum chamber, the undulator
gap could be closed further to reach the manganese K-edge
energy with the third harmonic of the undulator. This consti-
tuted an important improvement in the experimental condi-
tions for two reasons: ~1! for a given energy bandwidth, the
photon flux is higher at an odd harmonic; ~2! the photon
beam is better polarized at odd harmonics, and this effect is
enhanced by the possibility of using a narrower radiation
cone. The beamline optics consists of a double Si ~111! crys-
tal monochromator mounted between two vertically focusing
Si mirrors. Sagittal focusing is achieved with the second
monochromator Si crystal. The monochromaticity of the in-
cident beam was measured to be 1.431024 leading an en-
ergy resolution of 0.9 eV ~full width at half maximum! at the
Mn K edge. In the first experiment, the primary slits before
the optics were opened to 131 mm2, resulting in a photon
flux at the sample of ’1012 photon/s/200 mA; they could be
closed down to 0.530.5 mm2 in the second experiment, with
a slightly higher photon flux (231012 photons/s/200 mA),
resulting in a spot size of the focused beam at the sample
position of 0.6 ~horizontal!30.3 ~vertical! mm2 in both cases.
The measured degree of incident horizontal linear polariza-
tion was 85% and 96%, respectively. The linear polarization
of the scattered beam was analyzed using the ~030! Bragg
reflection from a sapphire crystal Al2O3, with a Bragg angle
of 43.6° at the Mn K edge. The measured peak reflectivity of
the analyzer crystal was 11% at 6.5 keV. Corrections to ac-
count for the departure from the ideal 45° position24 were
neglected. The Al2O3 crystal has a mosaic spread of 0.022°.
Such a narrow width makes it difficult to integrate correctly
intensities at various Q positions and no effort was made to
deconvolute the Q-resolution effects. Furthermore, a quanti-
tative comparison of the intensities measured in the different
polarization channels is difficult due to the complex change
in the resolution function, even if rocking curves of the ana-
lyzer crystal were found to be almost identical in the two
polarization channels s→s and s→p . On the other hand,
the energy bandpass of this analyzer crystal is less than 3 eV,
which allowed us to eliminate efficiently the fluorescence
background, more than 40 eV below the edge. The Q depen-
dence of integrated intensities could be measured more ac-
curately without polarization analysis. Typical count rates
were around 3500 counts/s at the ~ 12,2 12, 52! reflection at the
E1 resonance above a fluorescent background of 13 000
counts/s without the analyzer crystal. The Al2O3 crystal re-
duced the background to a few counts/s.
The RbMnF3 sample used for these studies was a single
crystal cut with its face perpendicular to the ~001! direction
10 172 PRB 60A. STUNAULT et al.and mechanically polished. The measured mosaic spread of
the ~002! reflection at 6.50 keV—i.e., below the absorption
edge—was 0.032~4!°. It actually increased to 0.041~5!° at
6.55 keV, close to the maximum of the absorption. A simple
interpretation relates to a poorer crystal quality close to the
surface, due to sample preparation ~cutting and mechanical
polishing!: the penetration depth—which can be in first ap-
proximation taken as equal to 1/@m* sin(a0)#, a0 being the
incidence angle—decreases from 10 to 4 mm when varying
the energy from 6.5 to 6.55 keV, which makes diffraction
peaks more sensitive to the quality of the near-surface re-
gion.
The sample was mounted in a closed-cycle refrigerator on
the ID20 diffractometer. The scattering plane was vertical
with incident linear s polarization. The orientation was cho-
sen to have both ~001! and ~110! cubic axes in the scattering
plane, when the surface normal was in the scattering plane.
This gave access to the ( 12, 12, l1 12) magnetic Bragg peaks
(l51,2,3) in a nonspecular scattering geometry, and to
( 12, 2 12, l1 12) in an inclined geometry. Integrated intensities
were deduced from the measured rocking curves of the
sample, and normalized to a monitor intensity. Numerically,
they were obtained by fitting a constant background and a
(Lorentzian)3/2 to the data. This line shape was not chosen
for any physical reasons, but only for the fact that it modeled
best the observed rocking curves. The footprint-absorption
corrections were performed on the integrated intensities, us-
ing Icorr5Imeas*m*(11sin a0 /sin a1) where a0 and a1 are
the angles of the incoming and outgoing beams with the
sample surface. The energy-dependent absorption coefficient
m has been deduced from transmission measurements
through a RbMnF3 powder sample.
FIG. 1. Energy dependence of the integrated intensity ~b!, the
fluorescence background ~a! and the linewidth ~c! of the rocking
curves measured at the ~ 12,2
1
2,
5
2! reflection. The data are not cor-
rected for absorption. The arrows in ~a! and ~b! point to the qua-
drupolar features. The lines are guides to the eye.III. RESONANT SCATTERING RESULTS
Magnetic Bragg peaks were observed at (h/2,k/2,l/2) po-
sitions in the reciprocal lattice, in agreement with the mag-
netic structure determination.17 The energy dependence of
the magnetic intensity through the K edge, between 6.52 and
6.58 keV, was observed without polarization analysis at T
520 K. Figure 1 summarizes the results obtained at the
( 12 ,2 12 , 52 ) reflection. The top part shows the fluorescence as
determined by fitting the incoherent background below the
magnetic peak; the center part shows the variation of the
integrated intensity with the incident photon energy, while
the bottom part illustrates the evolution of the rocking curve
width. The broadening observed near the absorption edge
@Fig. 1~c!# is due to the change in the penetration depth. The
magnetic intensity @Fig. 1~b!# exhibits striking features at
energies corresponding exactly to the different maxima in
the fluorescence at 6.545, 6.549, and 6.551 keV @Fig. 1~a!#.
The resonant effects can be summarized as follows: ~i! there
exist large enhancements of scattered intensities at photon
energies at the 4p threshold above the K edge over an energy
range of 10 eV; and ~ii! a dip and an oscillatory behavior are
observed near the 3d threshold where virtual transitions to
the strongly spin-polarized 3d states are expected; this en-
ergy corresponds to the prepeak seen in the fluorescence
data. Very similar features have been observed on three other
magnetic reflections ~ 12,2 12, 32!, ~ 12,2 12, 72!, and ~ 12, 12, 52!. A quan-
titative interpretation requires that the data be corrected for
absorption. The results are shown in Fig. 2 for all four mea-
FIG. 2. Energy dependence of several magnetic reflections, cor-
rected for absorption. The bottom panel shows the fluorescence
measurement. The different coefficients in the y-axis legends come
from the sin a0 /sin a1 geometrical coefficient in the absorption. The
lines are guides to the eye.
PRB 60 10 173K-EDGE RESONANT X-RAY MAGNETIC SCATTERING . . .sured reflections together with the fluorescence signal. It is
noteworthy that even if the corrected intensities on both sides
of the absorption edge are similar, the high-energy intensities
are consistently lower, indicating that the absorption correc-
tions are underestimated. The energy line shape for all the
measured reflections is very similar, the only difference be-
ing the variation of resonant intensities with Bragg peak po-
sition ~h,k,l!. It should be noted that the maxima in the E1
resonant intensity coincide with peaks in the fluorescence
spectrum, even before absorption corrections are made.
Resonant enhancements by a factor of 10 are observed,
which is as strong as that observed in light rare earths.25
In order to identify the origin of the resonances, two ex-
periments were conducted to perform polarization analysis at
the ~ 12,2 12, 52! and ~ 12,2 12, 72! reflections that show the largest
measured resonant intensity. The 4p threshold was studied in
the first experiment; the results are displayed in Fig. 3 where
all intensities are given on the same arbitrary scale. Only the
rotated polarization channel ~s-p! exhibits resonant effects
with a line shape similar to the ones shown in Fig. 2. This
indicates that the strong resonances observed in RbMnF3
arise from E1 transitions to the 4p states.1,2
In the second experiment, we concentrated on the peculiar
behavior observed at the prepeak energy ~indicated by a ver-
FIG. 3. Polarization analysis at the ~ 12,2
1
2,
5
2! and ~
1
2,2
1
2,
7
2! reflec-
tions as a function of photon energy. Each data point corresponds to
intensity integrated over the sample angle. The lines in the s-p
channel are the results of the calculations described in Secs. V A
and V B; each of the three E1 resonances contributes with the same
adjustable parameter (D/Gc)d for the two reflections ~see text in
Sec. V A!. The lines in the s-s channel show the E2 contribution
~see text in Sec. V B!.tical arrow in Fig. 1!. Note that intensities given in arbitrary
units from the same reflections differ from one experiment to
the other roughly by a factor of 3 owing to the change of the
normalization device. The results are shown in Figs. 4
and 5 for the three studied reflections ~ 12,2 12, 32!, ~ 12, 12, 52!, and
~ 12,2
1
2,
7
2!. The two reflections ~ 12, 12, 52! and ~ 12,2 12, 72! show an
interesting resonant behavior: in the rotated channel s-p, the
scattered intensity increases by about 50% at the 3d thresh-
old, whereas the nonrotated channel s-s exhibits a dip of
similar magnitude at the same photon energy. These effects
are barely noticeable at the ~ 12,2 12, 32! where strong interfer-
ence effects between the nonresonant scattering amplitude
and the dipole resonance are clearly visible.
Finally, we have studied the temperature dependence of
magnetic intensities at the ~ 12, 12, 52! reflection in s-p both in
the nonresonant regime and at the maximum of the reso-
nance ~6.5 keV and 6.551 keV, respectively!. The results are
shown in Fig. 6, where they are compared with the tempera-
ture dependence of the ~ 12, 12, 12! reflection measured using neu-
tron diffraction from the same crystal on the four-circle dif-
fractometer D10 at the Institut Laue Langevin. Neutron
intensities have been corrected for extinction. Even if the
ordering temperatures deduced from all measurements are
identical (TN584 K), the temperature dependence of the
x-ray intensities is actually different from the neutron obser-
vations. However, the neutron-diffraction experiments have
FIG. 4. Energy dependence of the intensities of the ~ 12,2
1
2,
3
2!,
~ 12,
1
2,
5
2!, and ~
1
2,2
1
2,
7
2! reflections in the rotated channel s-p at the
quadrupolar threshold. The lines are the results of calculations in
the simple spin-orbit splitting model described in Sec. V B includ-
ing the dipolar contributions. The same adjustable parameters ~apart
from the scale factor! were used for all reflections in the s-p and
the s-s channels. The coefficients for the absorption corrections are
slightly different from those in Fig. 3, because the two measure-
ments have been performed with a different sample orientation. It is
seen that absorption corrections above the K edge are underesti-
mated.
10 174 PRB 60A. STUNAULT et al.revealed the multigrain structure of the sample and the agree-
ment is reasonable considering the experimental uncertain-
ties: a possible explanation would be that neutrons and 6.5-
keV x rays do not probe the same sample ~neutrons see the
bulk of the sample whereas soft x rays are limited to a near-
surface region!.
FIG. 5. Energy dependence of the intensities of the ~ 12,2
1
2,
3
2!,
~ 12,
1
2,
5
2!, and ~
1
2,2
1
2,
7
2! reflections in the nonrotated channel s-s at the
quadrupolar threshold. The lines are the results of calculations in
the simple spin-orbit splitting model described in Sec. V B includ-
ing the dipolar contributions. The same adjustable parameters ~apart
from the scale factor! were used for all reflections in the s-p and
the s-s channels. See caption of Fig. 4 for the coefficients for
absorption corrections.IV. MAGNETIC SCATTERING AMPLITUDES
In the following, we will address the question of the pos-
sible mechanisms for the magnetic resonance by comparing
our experimental results with predictions from existing mod-
els. Our data extend over a wide range of photon energy,
which allows comparison between nonresonant and resonant
intensities: the normalization of resonant scattering intensi-
ties to the nonresonant intensities provides a measure of the
resonant scattering amplitude. We will now successively dis-
cuss the two regimes.
A. Nonresonant magnetic scattering
Magnetic x-ray scattering arises from the interaction be-
tween the electromagnetic field and the electronic spin and
current operators.26,27 When the photon energy is far from
photoabsorption resonances, the nonresonant ~NRXS! mag-
netic scattering amplitude f nonres(Q) per Mn site can be writ-
ten as28
FIG. 6. Temperature dependence of the ~ 12,2
1
2,
5
2! reflection mea-
sured in the s-p channel at 6.551 keV in the resonant regime ~full
circles! and at 6.50 keV in the nonresonant regime ~open circles!,
compared with the temperature dependence of the ~ 12,
1
2,
1
2! reflection
measured with neutron scattering corrected for extinction.f nonres~Q !5F f s→sf s→p f p→sf p→pG
52ir0
\v
mc2
2 sin u F cosu S2~Q !sinu $cosu @L1~Q !1S1~Q !#1sinu S3~Q !%2sinu $cosu @L1~Q !1S1~Q !#2sinu S3~Q !%cosu @2 sin2u L2~Q !1S2~Q !# G ,
~1!
where Q5ki2k f is the scattering vector with incident and scattered wave vectors ki and k f ; u denotes the Bragg angle. The
vectors S(Q) and L(Q) contain the spin and orbital magnetic form factors, respectively. They are given by their components
in a standard coordinate system u1 ,u2 ,u3 ,28 where u1 is directed along ki1k f , u2 is perpendicular to the scattering plane and
parallel to ki3k f , and u3 is along Q. A matrix form for the scattering amplitude is used to represent the polarization
dependence; the basis vectors for the polarization « i and « f correspond to a linear polarization either perpendicular ~s! or
parallel ~p! to the scattering plane.
In the case of L50 such as Mn21, f nonres(Q) reduces to
f nonres~Q !52ir0
\v
mc2
2S f m~Q !sinu F cosu z2sinu @cosu z11sinu z3# 2sinu @cos uz12sin uz3#cosu z2 G , ~2!
where 2SmB is the ordered magnetic moment per site and f m(Q) is the spin-only magnetic form factor. z is a unit vector along
the magnetization direction. The nonresonant scattering amplitude can be explicitly calculated when the amplitude and
PRB 60 10 175K-EDGE RESONANT X-RAY MAGNETIC SCATTERING . . .direction of the magnetic moments are known. In the case of RbMnF3, we obtain u f nonresu52S(\v/mc2)r0’5.531022r0 at
the K edge as a prefactor for the geometrical dependence in Eq. ~2!.
B. Resonant regime
Taking into account the presence of absorption edges, the magnetic resonant scattering amplitude can be expressed as27
f nres~ki ,k f ,« i ,« f ,\v!52
r0
m ((a ,c j papa~c !
3
Ea2Ec
\v
^au@« fP j2i\~k f3« f !s j#e2ik fr juc&^cu@« iP j1i\~ki3« i!s j#eikir jua&
Ea2Ec1\v2iGc/2
. ~3!Here s j denotes the electronic spin operator. The summation
is over all possible initial states ua& of energy Ea and prob-
ability pa , and intermediate levels uc& of energy Ec where
one electron is excited to the intermediate state leaving a
hole in the core level of the initial state. pa(c) gives the
probability that the intermediate state is unoccupied in ua&.
Gc represents the lifetime of the core hole; in the following
we will use the reduced energy scale x52(\v2Ec
1Ea)/Gc .
Before discussing the various resonant process, we must
consider the appropriate energy scales which govern the
electronic structure of 3d systems where both the 3d and the
4p states can contribute to resonant scattering. In RbMnF3,
the Mn21 ions are in the 3d5 configuration with an 6S
ground state according to Hund’s rules. In the presence of a
large cubic crystalline field, Hund’s rules may break down
and the ground state would become an orbital ~low-spin!
triplet ~symmetry 2T2g). Estimates for the crystal-field pa-
rameter ~’0.15 eV! are comparable to the Racah parameter
that characterizes the free-atom energies ~’0.1 eV! in Mn21
ions29,30 and we can assume that the Mn21 are in the 6S
state. This is corroborated by the weak magnetic anisotropy
in the ordered state as measured by antiferromagnetic
resonance.21 In RbMnF3, the 3d states form a very narrow
band which consists of filled 3d↓ subbands and one unoccu-
pied 3d↑ subband. Despite the L50 ground state value,
spin-orbit coupling is present in the 3d states with character-
istic splitting values D3d’0.04 eV.31
In contrast with the 3d levels, the 4p states form an ex-
tended band ~10 eV wide! above the 3d levels with a weak
spin-orbit splitting D4p’0.01 eV and, possibly a small spin
polarization, m4p . Owing to the Oh point symmetry of the
Mn21 sites, there is no mixing of the 3d and 4p states; E1
transitions connect the 1s core level to the 4p levels only
while E2 transitions lead to pure 3d states. The observation
that the E1 resonance extends over 10 eV indicates that
probably the whole 4p band contributes to the resonance.
Nevertheless, in this paper, we will restrict ourselves to an
atomic picture and we will consider transitions from the 1s
core level to ideally narrow 3d and 4p states at resonant
energies EK
3d and EK
4p ; they correspond to the prepeak and
white line energies in the fluorescence spectrum in Fig. 2 at
6.538 keV and around 6.550 keV, respectively. We note that
in RbMnF3 the 4p bands are empty with no net 4p magne-
tization; nevertheless, we will consider the general case ofpartially occupied 4p bands with nh holes (0<nh<6) and a
partial spin polarization m4p (0<m4p<3).
Three contributions to the resonant scattering amplitude
in Eq. ~3! should be considered:24,29 a pure spin-spin term,
(k f3« fs)(ki3« is), a cross term involving the electron
spin operator, (« fP)(ki3« is)2(k f3« fs)(« iP), and fi-
nally a purely orbital term, (« fP)(« iP). The pure spin-
spin resonant term, (k f3« fs)(ki3« is) does not give rise
to antiferromagnetic Bragg peaks, although it contributes to
the anomalous scattering.27
The cross term (« fP)(ki3« is)2(k f3« fs)(« iP)
was considered by Namikawa et al. in the case of Ni metal.1
This model involves electric and magnetic transitions to the
4p states only. Neglecting spin-orbit coupling in the 4p lev-
els, we have rederived the following expression for the reso-
nant amplitude:1,32
f Nam52ir0
~ka0!2
12
ZK 1sU r
a0
U4p L Z2 EK4pGc m4px4p2i
3sin2u F 0sinu11cosu z3 2sinu z11cosu z32z2 G ,
~4!
where m4p is the spin polarization of the 4p holes and a0 the
Bohr radius. ^1sur/a0u4p& is the E1 radial matrix element.
This expression for f Nam in Eq. ~4! is equivalent to the result
previously derived.1 From Eq. ~4!, we note that this resonant
process predicts the absence of resonant intensity in the s-s
polarization channel, similarly to Hannon’s model;2 more
importantly, it does not induce a magnetic circular dichroism
signal because f Nam vanishes at Q50. Therefore, this mecha-
nism cannot account for magnetic resonances leading to a
magnetic x-ray dichroism signal.13–15
The last contribution to the resonance arises from the
purely orbital term (« fP)(« iP) in Eq. ~3!. As pointed out
by Hannon et al.,2 these multipolar electric transitions couple
to the magnetization if there exists spin-orbit coupling in
either the core level or the excited states. The magnetic sen-
sitivity arises from the spin polarization and the exchange
splitting in the intermediate states. At the K edge, neglecting
exchange splitting in the 1s level, the absence of spin-orbit
interaction in the core level implies that some asymmetry
exists in the excited states. Spin-orbit coupling in the 4p
states was previously introduced to account for the circular
dichroism observed in Fe.13 Let us first discuss the E1 tran-
10 176 PRB 60A. STUNAULT et al.sitions. The asymmetry between 4p↑ and 4p↓ states arises
from m4p , the net number of polarized 4p electrons, and
from the exchange splitting J induced by the 3d moments
between the up- ~lower energy! and the down-spin states
~upper energy!. We have also included the possibility for
breathing effects due to the difference between radial transi-
tion matrix elements:33
K 1sU r
a0
U4p , s5↑ or ↓ L 5 K 1sU r
a0
U4p L
Av
~16d/2! ~5!
The transition probabilities2 are summed over the j5 12 and
j5 32 multiplets separated by the spin-orbit splitting D4p ,
small compared to Gc/2. Following the method of Ref. 2, we
obtain the E1 part of the resonant scattering amplitude as
f E15ir0
4
27 ~ka0!
2U K 1sU r
a0
U4p L U2
3
EK
4p
\v
mc2
Gc
1
~x4p2i !2
D4p
Gc
3F ~m4p2nhd!12nh JGc 1~x4p2i !G
3F 02cosu z11sinu z3 cosu z11sinu z32sin2u z2 G , ~6!where nh is the total number of holes available in the 4p
band and m4p is the net number of spin-up 4p electrons. The
energy profile is not a simple Lorentzian shape because the
two energy scales, D and J, induce small energy shifts in the
usual Lorentzian, leading to first- and second-derivative pro-
files. In principle, the analysis of the energy line shape would
make it possible to disentangle the spin-orbit and the ex-
change splittings.
Now we consider the E2 scattering amplitude. In the
Mn21 ground state, the 6S term of the (1s2,3 d5) configura-
tion, the probabilities for transitions from 1s to the 3d avail-
able states summed over the j5 32 and j5 52 multiplets are
equal because all spin-up ~down! states are unoccupied ~oc-
cupied! in Mn21. If we neglect the spin-orbit splitting D3d
between the j5 32 and j5 52 states in the intermediate state
(1s1,3 d6), there is no magnetic resonance with the classical
resonating denominator 1/(x3d2i), in agreement with Ref. 4
for the L50 case. Nevertheless, if we take into account this
energy splitting, there appears a weak contribution with
1/(x3d2i)2 as energy profile, which is the first derivative of
the usual resonant term, similarly to the E1 case. Within this
crude model, there exist simple symmetry relations between
transition amplitudes from the core level u1s& to the different
ul52,ml& states which make the E2 scattering amplitude lin-
ear in the magnetization unit vector of the 3d electrons, z,
although in the general case it contains terms up to the 4th
order in z.2,25 Restricting ourselves to the magnetic part of
the resonant scattering amplitude, we find thatf E252ir0
1
75 ~ka0!
4U K 1sUS r
a0
D 2U3d L U2 EK3d\v mc2Gc D3dGc 1~x3d2i !2
3F sin2u z22cosu ~122 cos 2u! z12sinu ~112 cos2u!z3 cosu ~122 cos2u!z12sinu ~112 cos2u!z34 sin2u cos2u z2 G . ~7!It should be noted that this model predicts resonant effects in
the rotated and unrotated polarization channels, in agreement
with the experimental observations.
The models that have been used above are certainly over-
simplified and cannot provide an accurate amplitude. In par-
ticular, all the intermediate states have been treated as atom-
iclike. Nevertheless, it is instructive to extract some orders of
magnitude for the predicted resonant amplitudes. At this
point, it is worth noting that u f Namu is reduced by \v/mc2
compared to u f E1u; this is in agreement with usual compari-
sons between magnetic and electric transitions. In the ionic
compound RbMnF3, there is no electron in the 4p band, nh
56 and m4p50; therefore, f Nam vanishes, Eq. ~4!. This
means that, within the approximations leading to Eq. ~4!, the
(« fP)(ki3« is) term in the scattering amplitude cannot
represent the observed resonance in RbMnF3 at the K edge.
Now let us consider the (« fP)(« iP) contribution, Eqs. ~6!
and ~7!. The E1 and E2 radial matrix elements can be taken
as 2.531023 and 731024, respectively,34 and the spin-orbit
splitting of 3d states D3d’0.04 eV.31 The value Gc
51.1 eV for the core-hole lifetime was extracted from the
fluorescence data,35 and is in agreement with calculatedvalues.36 At the Mn K edge, (ka0)2’3. Educated guesses for
the other parameters (D4p’0.05 eV, d’0.01 and/or J
’5 meV) lead to u f E1u’431023r0 and u f E2u’131023r0
at the resonant energy. These estimates for the E1 and E2
resonant scattering amplitudes yield values that are smaller
than the nonresonant scattering amplitude u f nonresu at Q50.
In the following, we will compare the observed resonant
with the nonresonant scattered intensities. The nonmagnetic
part of the total x-ray scattering amplitude can be assessed by
a correlation with the fluorescence. The fluorescence curve
@Fig. 1~b!# has been transformed into the imaginary part f 9 of
the scattering amplitude; at the E1 the white line is experi-
mentally found to contribute up to 16 electrons, whereas the
E2 contribution is around 0.09 electrons. Our model gives
12 and 0.07 electrons at the E1 and E2 threshold, respec-
tively, indicating that the resonant scattering amplitudes are
realistic. It should be stressed that the energy line shape of
the fluorescence in Fig. 2 shows that the 4p states must be
treated as bands. However, such an approach is beyond the
scope of this paper.
The total scattering amplitude is the sum of the resonant
and the nonresonant parts given in Eqs. ~2!, ~6!, and ~7!.
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and transformed in scattering cross sections by using a
density-matrix formalism to account for the polarization of
the radiation.28 Here, in order to simplify the analysis, we
will assume a perfectly linearly polarized incident beam.
V. COMPARISONS AND DISCUSSIONS
As mentioned above, there exist four magnetic domains in
RbMnF3 which all contribute to a given Bragg peak at Q,
and magnetic intensities must be averaged over the magnetic
domain populations. A full determination of the domain frac-
tion would require measurements of the azimuthal depen-
dence of polarized intensities. Here, we assume that all do-
mains are evenly populated and we make use of the relation
^zuzv&5
1
3 duv , valid in cubic symmetry, when calculating
scattered intensities. This hypothesis can be verified by con-
sidering the observed nonresonant intensities. By including
the appropriate Lorentz factor L5sin 2u,37 we obtain from
Eq. ~2!
Iss5
N
3 r0
2 ~sin u!
2
sin 2u ~cos u!
2Anonres
2 f m2 ~Q !,
Isp5
N
3 r0
2 ~sin u!
4
sin 2u Anonres
2 f m2 ~Q !, ~8!
where N is a scale factor and Anonres5(\v/mc2)2S . The
spin-only magnetic form factor can be taken from Ref. 38.
When no polarization analysis is performed, the scattered
intensity from a linearly polarized beam reduces to
I5
N
3 r0
2 tan u
2 Anonres
2 f m2 ~Q !. ~9!
In Table I, measurements of total intensities at 6.5 keV are
compared with the predicted angular dependence in Eq. ~9!.
The observed relative agreement with the predicted values
supports our assumption about the domain distribution.
We will now discuss the energy dependence of magnetic
intensities across the E1 (EK4p) and the E2 (EK3d) resonances.
For the sake of simplicity, we ignore the variation of quan-
tities such as \v/mc2, EK
3d/\v , and EK
4p/\v in Eqs. ~2!–~7!
over the energy range that we have studied. We have used
broadened energy line shapes ~effective Gc’1.5 eV) in order
to take into account the finite energy resolution of the spec-
trometer.
TABLE I. Integrated intensities in arbitrary units at 6.50 keV
compared to the predicted angular dependence in the case of uni-
formly distributed magnetic T domains. Scaling the angular factor
by 0.61 shows an excellent agreement between the experimental
results and the predicted Q dependence.
~h,k,l! Intensities tan ufm2(Q)
~ 12,2
1
2,
3
2! 0.1160.01 0.18
~ 12,2
1
2,
5
2!, ~
1
2,
1
2,
5
2! 0.0760.02 0.13
~ 12,2
1
2,
7
2! 0.01960.002 0.03A. Dipolar threshold
Leaving aside the (k f3« is)(« iP) term, we concentrate
on the (« fP)(« iP) model which leads to
IE1
sp5
N
3 r0
2 1
sin2u F sin4u f m2 ~Q !Anonres2 1AE12 S 111x4p2 D
2
22 sin2u cos2u f m~Q !AnonresAE1
12x4p
2
~11x4p
2 !2G , ~10!
where
AE15
4
27 ~ka0!
2ZK 1sU r
a0
U4p L Z2 EK4p\v mc2Gc D4pGc nhdeff .
In the absence of 4p electrons (nh56 and m4p50) the
breathing d and the exchange splitting J/Gc play a similar
role @see Eq. ~6!#. As mentioned below, the broad energy line
shape of the E1 resonance prevents any comparison between
(Lorentzian)2 and (Lorentzian)3 profiles which would help
in distinguishing the two contributions. For the sake of sim-
plicity we have assumed a (Lorentzian)2 profile with an ef-
fective adjustable parameter (D4p /Gc)deff .
As shown from Figs. 2 and 3, the resonance at the 4p
threshold forms a wide band in energy significantly broader
than the core-hole lifetime, Gc , with peaks corresponding to
maxima of the energy-dependent absorption coefficient.
Similar broad resonances in the vicinity of the 4p threshold
have been observed in several other RXMS experiments8,9
and magnetic circular dichroism studies.13–15 Their origin
arises from the presence of the broad 4p bands or alterna-
tively from multiple-scattering processes. The variation of
the resonant amplitude with the photon energy reflects the
variation of the density of spin-polarized states across the 4p
band. Spikes similar to those observed in Figs. 2 and 3 have
also been found in band calculations for Mn oxides.39 It is
beyond the scope of this paper to represent the band nature
of the resonance. In the simplest model, the dipole-projected
density of states which gives the white line and the fluores-
cence yield is expected to be responsible for the magnetic
resonant scattering. In this manner we have minimized the
number of parameters by choosing three resonances centered
at 6.545, 6.549, and 6.551 keV, i.e., at the peaks in the fluo-
rescence signal.
The modeling of the data in the s-p channel at the
~ 12,2
1
2,
5
2! and the ~ 12,2 12, 72! positions by the (« fP)(« iP)
scattering amplitude Eq. ~10! is shown in Fig. 3. For the two
reflections, each resonance contributes to 2 – 331022r0 .
The full lines in Fig. 3 have been calculated with
(D4p /Gc)deff equal to 3.531023, 2.531023, and
4.031023 for the three resonances, respectively. Taking
deff’0.05 (d’0.05 or J’0.02 eV) leads to an average value
D4p’0.0760.01 eV. These values are consistent with ac-
cepted values for exchange breathing and spin-orbit splitting
in the 4p states.34 No information is available on the size of
the exchange splitting of the 4p bands induced by the anti-
ferromagnetic ordering of the 3d moments. Core-level pho-
toemission studies on Fe metal have provided values of the
exchange splitting of the 2p states in the 0.3–0.5 eV.40 Simi-
10 178 PRB 60A. STUNAULT et al.lar values for J would lead to a much stronger E2 resonance
than observed in RbMnF3. Furthermore, the calculated Q
dependence is in qualitative agreement with the data. The
values obtained above may not represent the sole best fit but
they are physically acceptable and we can conclude that the
(« fP)(« iP) term in the resonant scattering process can
explain the amplitude of the dipole resonance at the K edge.
Obviously, the energy profile of the resonance is not well
reproduced but it can only be explained if the electronic band
structure of RbMnF3 is taken into account.
B. Quadrupolar threshold
Now let us turn to the narrow quadrupole resonance
which is observed in the two polarization channels. In the
vicinity of the 3d threshold, we consider the interference
between the nonresonant scattering amplitude and f E2 . The
energy dependence of the polarized intensities reads as
Iss5
N
3 r0
2 ~sin2u!
2
sin2u F f m2 ~Q !4 Anonres2
2 f m~Q !Anonres AE2
12x3d
2
~11x3d
2 !2
1AE2
2 1
~11x3d
2 !2G ,
Isp5
N
3 r0
2 1
sin2u F sin4u f m2 ~Q !Anonres2 1AE22 1~11x3d2 !2
22 sin2u ~2 cos22u21 ! f m~Q !Anonres AE2
12x3d
2
~11x3d
2 !2G ,
~11!
where
AE25
1
75 ~ka0!
4ZK 1sUS r
a0
D 2U3d L Z2 EK3d\v mc2Gc D3dGc
is the E2 resonant amplitude with D3d as the only adjustable
parameter. The full lines in Figs. 4 and 5 represent the en-
ergy profiles given by Eq. ~11! with D3d’0.0860.01 eV ad-
justed to fit the data with an E2 resonant amplitude of
231023r0 . The presence of the dipole resonances was taken
into account with the E1 parameters given above; calcula-
tions are given in Fig. 3. In the s-p channel, the interference
between nonresonant and resonant E1 scattering is not well
reproduced; this is because the energy profile of the E1 part
cannot be explained without band calculation. Nevertheless,
the E2 resonant behavior for the three measured reflections
are qualitatively well represented by the predictions based on
the E2 transitions due to the (« fP)(« iP) operator with
only one parameter. The value obtained for D3d is appropri-
ate for 3d states even if it is slightly larger than anticipated;31
this confirms the validity of the proposed model based on
electric multipole transitions.2VI. CONCLUSIONS
The observation of the magnetic resonant process in
RbMnF3 has revealed the existence of two different resonant
regimes. Near the 4p threshold, large resonant enhancements
of the magnetic intensities can be seen over a wide range of
photon energy corresponding to the width of the Mn 4p
band. The 3d threshold shows only weak oscillations in the
scattered intensities over a narrow energy range governed by
the core-hole lifetime. By studying carefully the energy de-
pendence of the polarized scattered intensities from RbMnF3
at different Q values, we have been able to show that the
mechanism of multipole electric transitions accounts qualita-
tively well for the observed resonant amplitudes at the Mn K
edge. In particular, the existence of spin-orbit splitting
(D3d’0.08 eV) in the 3d states explains quantitatively the
quadrupolar resonance, even in the absence of net orbital
moment in the ground state of the 3d5 configuration. The
amplitude of the dipolar resonance is found to arise from the
spin-orbit splitting (D4p’0.07 eV) in the 4p band together
with weak exchange splitting; this exchange splitting mani-
fests itself as an energy splitting of the empty Mn 4p band
together with a small breathing effect in the radial matrix
elements which we cannot differentiate. The obtained values
appear to be realistic, even if the modeling of the observed
magnetic x-ray scattering intensities leads to approximate re-
sults only. However, there remain several open questions. A
significant feature in our experimental results is the existence
of broadbands of resonance extending over 10 eV which cor-
respond to the width of the 4p bands. A deeper understand-
ing of this phenomenon requires resorting to calculations of
the electronic density of states either at the cluster level or at
a more extended scale; band calculations could indicate
whether the magnetic sensitivity of the resonance extends
across the whole 4p band. Another open question has to do
with the strength of the dipole resonance. In several antifer-
romagnetic insulating 3d compounds that have been
studied,8,9 the observed resonant enhancements are found to
be rather large ~a factor of about 3 at the quadrupole energy
and around 10 at the dipole threshold!, whereas in ferromag-
netic Ni metal,1 this effect appears to be much weaker. Again
a model for the resonance based on a band picture would be
highly desirable. It is hoped that the experimental results
presented in this paper will stimulate the necessary further
theoretical work.
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